Maternal obesity accentuates offspring obesity in dams bred to develop diet-induced obesity (DIO) on a 31% fat, high sucrose, high energy (HE) diet, but has no effect on offspring of dietresistant (DR) dams. Also, only DIO dams become obese when they and DR dams were fed HE diet throughout gestation and lactation. We assessed glucose and oleic acid (OA) sensitivity of dissociated ventromedial hypothalamic nucleus (VMN) neurons from 3-4 wk old offspring of DIO and DR dams fed chow or HE diet using fura-2 calcium imaging to monitor intracellular calcium fluctuations as an index of neuronal activity. Offspring of DIO dams fed chow had ~2-fold more glucose-inhibited (GI) neurons than did DR offspring. This difference was eliminated in offspring of DIO dams fed HE diet. At 2.5mM glucose, offspring of chow-fed DIO dams had more GI neurons that were either excited or inhibited by OA than did DR offspring. Maternal HE diet intake generally increased the percentage of neurons that were excited and decreased the percentage that were inhibited by OA in both DIO and DR offspring. However, this effect was more pronounced in DIO offspring. These data, as well as concentration-dependent differences in OA sensitivity, suggest that genotype, maternal obesity and dietary content can all affect the sensitivity of offspring VMN neurons to glucose and long chain fatty acids. Such altered sensitivities may underlie the propensity of DIO offspring to become obese when fed high fat, high sucrose diets.
INTRODUCTION
The majority of neurons in the brain require glucose to fuel the metabolic demands imposed upon them by changes in their activity (19) . However, in brain areas such as the ventromedial hypothalamic nucleus (VMN), populations of specialized glucosensing neurons also utilize glucose as a signaling molecule to alter their activity in response to changes in ambient glucose concentrations. Glucose-excited (GE) neurons increase and glucose-inhibited (GI) neurons decrease their activity as glucose levels rise (2, 11, 16, 18, 33, 42) . Some of these same glucosensing neurons also respond to long chain fatty acids such as oleic acid (OA) as signaling molecules in a glucose-dependent fashion (19). Such "metabolic sensing" neurons enable the brain to regulate glucose and energy homeostasis in the body because of their ability to sense and respond to phasic changes in peripheral metabolic substrates (2, 16, 18, 32, 34, 35, 39, 41, 46). These regulatory processes are also affected by long-term changes in metabolic state in a manner that is often dependent upon the genotype of the individual. For example, the offspring of dams selectively bred to develop diet-induced obesity (DIO) when fed a 31% fat, high energy (HE) diet develop increased obesity as adults when their dams are fed HE diet through gestation and lactation (3, 4, 9, 22, 36) . We showed that such interactions between genotype and maternal environment directly alter the sensitivity of VMN metabolic sensing neurons to regulatory hormones such as leptin (14) . These findings suggested that similar manipulations of the perinatal environment might also have a long-term effect on the responsiveness of VMN metabolic sensing neurons to the signaling properties of glucose and fatty acids.
For this reason, we utilized DIO and diet-resistant (DR) dams fed low fat chow or HE diet throughout gestation and lactation to assess the interactions of maternal genotype and diet on the responses of dissociated VMN neurons in their 3-4wk old offspring to glucose and OA. We used 4 fura-2 calcium imaging to monitor changes in intracellular calcium ([Ca 2+ ] i ) as an index of neuronal activity in response to glucose and OA (16, 18) .
MATERIALS AND METHODS

Dams and breeding. All experiments were reviewed and approved by the Animal Care and Use
Committee of the East Orange Department of Veterans Affairs Medical Center and were in compliance with the guidelines of the American Physiological Society (1) . All breeding pairs were derived from our in-house colonies of rats bred selectively for their propensity to develop DIO or DR (23). All rats were housed at 23-24C on 12:12-h light-dark cycle (light off at 1800) with food and water available ad libitum. Dams were housed in cages in which the food was placed in bins in the wire cage tops to limit access of food to the 2-3 wk old pups.
One month prior to breeding DIO and DR dams were divided into 4 groups: 1) DR Chow (n=7) were fed Purina rat chow ad libitum which contains 3.30 kcal/g with 23.4% as protein, 4.5% as fat and 72.1% as carbohydrate (27). 2) DR HE (n=5) were fed a high energy (HE) diet (Research Diets no. C11024F, New Brunswick, NJ) which contains 4.47 kcal/g with 21% of the metabolizable energy as protein, 31% as fat, and 48% as carbohydrate, 50% of which is sucrose (27). 3) DIO Chow (n=7) were fed Purina rat chow; and 4) DIO HE (n=5) were fed HE diet.
After 1 month on their respective diets, DR HE and DIO HE dams underwent tail bleeding for plasma glucose, insulin and leptin levels. Since we have previously shown that DIO rats do not develop obesity until the caloric density and fat content of their diet is increased, we took blood samples only from dams fed HE diet (22). All dams were then mated with males of the same genotype and were kept on their respective diets throughout gestation and weaning. A second blood sample was drawn on the second week of gestation for all dams on the HE diet. At birth, all litters were adjusted to 10 pups (5 males: 5 females). The final blood drawing was carried out in 5 DR and DIO HE dams at two weeks into the lactation period. NB: the morphometric data from the dams used here (as provided in Table 1 ) were previously reported (14) . The data for the pups used in the current studies were litter mates of those in that prior paper and have not been previously reported.
Pups and diet manipulations. At 3 weeks of age, all male pups were weaned to the diet groups of their respective dams. After 2-3 days on their respective diets, 1 male pup/dam was used to assess effects of increasing concentrations of OA on dissociated VMN neurons. Pups might also have accessed food crumbs dropped by their dams prior to weaning so, although we refer to the effects of "maternal diet" below, it is likely that pups did have some intake of the same diets of their dams for a week or more prior to being studied. 2+ ] i concentrations in dissociated VMN neurons. The VMN was punched out of slices made through the ventrobasal hypothalamus and single VMN neurons were dissociated by papain digestion and trituration as previously described (16, 18, 29 
Measurement of glucose-and OA-induced changes in [Ca
RESULTS
Dam body weight gain and plasma hormone levels. These data for dams fed HE diet during gestation and lactation (Table 1) were previously reported (14) . In this study, we did not assess the body weights or other morphometric parameters from DR and DIO dams fed chow since we have made such comparisons in previous studies. Those studies showed that DR and DIO chowfed dams gain comparable amounts of body weight and have comparable levels of leptin, insulin and carcass adiposity during gestation and lactation (13, 26). On the other hand, in this study, after 1 month on HE diet, DIO dams gained 367% more weight, had 126% higher plasma leptin and 258% higher insulin levels than did DR dams. At 2 wk of gestation, DIO dams gained comparable amounts of weight, had 84% higher plasma leptin and 201% higher insulin levels than did DR dams. Two weeks after delivery, DIO dams lost 190% more body weight than did DR rats. However, DIO dams remained significantly heavier and had 125% higher plasma leptin, but not insulin levels than did DR rats. Glucose levels did not differ significantly between the two groups during gestation or lactation (Table 1) . Finally, we did not assess the effects of genotype x maternal diet on offspring body weights here. However, we previously showed that, although DIO offspring are heavier than DR offspring, these factors have no effects on offspring birth weight (13) or carcass adiposity at weaning (26, 37). 2 ). The major difference among the groups was that offspring of DIO chow-fed dams had almost 2-fold more GI neurons than did DR offspring (P<0.05; Fig. 2 ). This difference was eliminated in offspring of HE diet-fed DIO dams where the percentage of GI neurons were lower than all other genotype and diet groups (P<0.05; Fig. 2 ).
Effect of maternal genotype and diet on responses of offspring VMN glucosensing neurons
to OA. We previously showed that the responses to OA of VMN glucosensing neurons were highly glucose dependent (19). Thus, we specifically assessed the effects of OA on VMN GE and GI neurons at 2.5 mM glucose and at OA concentrations from 0.1 fM to 500 nM ( Fig. 1, 3 , Table   2 ). In DIO and DR offspring of chow-fed dams, OA excited 229% and 172% more GI than GE neurons, respectively (P<0.05; Table 2 ). This preponderance of OA-induced excitation in GI neurons is likely due to the fact that GI neurons are mainly inhibited, whereas GE neurons are mostly activated at 2.5 mM glucose (11, 16, 18). Just as DIO offspring had more GI neurons, they also had 86% more GI neurons that were excited by OA than did DR offspring (P<0.05; Table 2 ).
As opposed to neurons excited by OA, offspring of chow-fed DIO and DR dams had 154% and 620% more GE than GI neurons that were inhibited by OA (P<0.05; Fig. 3 , Table 2 ).
Again, this preponderance of OA inhibited GE neurons at 2.5 mM glucose is likely due to the fact that GE neurons are mostly activated, while GI neurons are predominantly inactivated at this glucose concentration. While DIO and DR offspring had comparable numbers of GE neurons inhibited by OA, DIO offspring had 140% more GI neurons inhibited by OA than did DR offspring (P<0.05; Fig. 3 , Table 2 ).
Maternal intake of HE diet markedly altered the responses of VMN neurons to OA in DIO and DR offspring. Overall, it increased the percentage of neurons that were excited and decreased the percentage of neurons that were inhibited by OA ( Fig. 3 ; Table 2 ). In their GE neurons, the effect was more marked in DIO than DR offspring (P=0.05; Fig. 3 , Table 2 ). As compared to comparable offspring of chow-fed dams, OA excited 317% more GE neurons in DIO and 254% more in DR offspring of dams fed HE diet, respectively. For GI neurons, the effect of maternal HE diet intake was selective to DR offspring where the percentage of OA-excited neurons was increased by 133%. In contrast, maternal intake of HE diet had the opposite effect on GE and GI neurons that were inhibited by OA where there were few detectable neurons of either type that were inhibited by OA in either DIO or DR offspring (Fig. 3 , Table 2 ).
In addition to assessing the percentage of neurons that were excited or inhibited by OA,
we also compared their concentration-dependent sensitivity to OA (Fig. 4A, B) . VMN GE neurons from offspring of chow-fed DIO dams were less sensitive to both the excitatory and inhibitory effects of OA than were those from DR offspring (F(2,26)=5.209; P=0.013). Maternal intake of HE diet specifically increased the sensitivity of these same neurons in DIO offspring to OA (F(2,26)=24.327; P<0.0001; Fig. 4A, B) . `On the other hand, maternal intake of HE diet selectively decreased the sensitivity of GI neurons to the excitatory and inhibitory effects of OA selectively in DIO offspring (F(2,26)=4.111; P=0.037; Fig. 4C, D) .
DISCUSSION
We previously showed that feeding DIO dams HE diet during gestation and lactation makes them obese and that their offspring become more obese as adults than do offspring of either chow-fed DIO dams or offspring of DR dams fed chow or HE diet (22). On the other hand, these offspring of obese DIO dams do not weigh more than any of the other groups of offspring at weaning (13), the age at which VMN neurons were evaluated here for the interactions of genotype and maternal diet on the sensitivity to both glucose and OA. Overall, offspring of chowfed DIO dams had almost two times more GI neurons and, when held at 2.5mM glucose, more of their GI neurons were excited and inhibited by OA than were those of comparable DR offspring.
On the other hand, while offspring of chow-fed DIO and DR dams had the same proportions of GE neurons that were excited or inhibited by OA, DIO GE neurons were less sensitive to the excitatory and inhibitory effects of increasing concentrations of OA than were those of DR offspring. Thus, in offspring of chow-fed dams, DIO offspring had a larger proportion of GI neurons and more of these GI neurons were responsive to OA, while their GE neurons were less sensitive to the effects of OA.
As expected (26), feeding DIO dams HE diet during gestation and lactation made them obese and left DR dams relatively lean. A combination of HE diet intake by the dams, and by the pups themselves during the latter stages of lactation, markedly altered the responses of their VMN neurons to both glucose and OA. HE diet intake produced a selective, 4-fold reduction in the proportion of detectable GI neurons in DIO offspring without affecting GE neurons in DIO or DR offspring. It is possible that no such effect was seen in DR offspring due to the small number of GI neurons present in the chow-fed offspring. HE diet intake also increased the overall percentage of both GE and GI neurons that were excited by OA and decreased the percentage that were inhibited by OA in DIO and DR offspring. This effect was more marked for GE than GI neurons, particularly for GE neurons in DIO offspring. Finally, HE diet intake increased the sensitivity of GE neurons to the excitatory and inhibitory effects of OA in DIO offspring, but decreased the sensitivity to the excitatory effects of OA in their GI neurons.
These results have several potential implications. First, the VMN is a critical site for the regulation of both energy homeostasis (10) and the counterregulatory responses to hypoglycemia (5, 6, 45) . We previously showed that DIO rats have abnormalities of both these regulatory processes (14, 24, 25, 44) . Since the major differences in glucosensing neurons between DIO and DR rats here was in the proportion of GI neurons, this suggests that these specific neurons might be important contributors to these abnormalities in DIO rats. Second, the current results reinforce our previous demonstration of the critical interrelationship between glucose and fatty acid acting as signaling molecules in metabolic sensing neurons of the VMN (19). Finally, they also illustrate the marked effect that the interactions among genotype, diet and obesity have on the way in which these critical regulatory neurons respond to both glucose and fatty acids.
Given the well described effects of glucose on activating GE and inactivating GI neurons (2, 11, 16, 18, 33, 42), it was not surprising to find that OA inhibited more GE and excited more GI neurons when they were held at 2.5mM glucose (16, 18) . On the other hand, maternal HE diet intake had it greatest impact on the OA responses of GE neurons held at 2.5mM glucose. This effect was especially marked in DIO offspring which had greater percentages of GE neurons that were excited or inhibited by OA and increased sensitivity of these GE neurons to OA. Thus, while maternal intake of the moderately high fat, high sucrose HE diet affected fatty acid sensing in both DIO and DR offspring, the greatest impact was on DIO GE neurons. We previously showed that feeding DIO dams HE diet makes them obese and selectively alters the fatty acid composition of their milk. Specifically, milk from obese DIO dams is extremely low in monoand polyunsaturated fatty acids, including OA (13). Their milk also has markedly elevated levels of insulin (13). Since pups receive most of their nutrients and much of their insulin from maternal milk during the first 1-2wk of life (8, 38) , the reduced oleic (and other) fatty acid milk content of their obese DIO dams may be an important cause of the relatively selective increases in the number and/or sensitivity of their VMN neurons to glucose and OA. These changes, in turn, might be important contributors to the increased obesity caused by fostering either DIO or DR offspring to obese DIO dams (28) . Finally, since these abnormalities of maternal milk occur only in obese selectively bred DIO dams, the results here and in prior studies suggest an important genotype x diet interaction upon on neuronal metabolic sensing and energy homeostasis.
There are some caveats to our work. First, we used calcium imaging in dissociated neurons as a surrogate for the effects of glucose and OA on neuronal activity. Although there is not an absolute parallel between changes in glucose-and fatty acid-induced [Ca 2+ ] i fluctuations and neuronal action potential frequency, we have shown that they do correlate well with changes in membrane potential in dissociated VMN neurons (16, 19) and with changes in action potential frequency using patch clamp technique in hypothalamic slices (32, 42) . Thus, because the use of calcium imaging in dissociated neurons provides a relatively high throughput means of screening large numbers of neurons simultaneously, this method has proved to be very useful and is reasonable surrogate for assessing glucose-and OA-induced changes in neuronal activity.
Second, we have previously demonstrated that the responsiveness to OA of VMN glucosensing neurons is dependent upon ambient glucose concentrations (19). However, here we only assessed neurons here at 2.5mM glucose. Thus, it is quite possible that additional differences between DIO and DR offspring and the effects of maternal diet would have been found if we had also assessed them at 0.5mM glucose, the concentration of hypothalamic glucose present under fasting conditions (16, 18) . Despite this omission, we believe that the current findings are sufficient to emphasize the importance of genotype and maternal diet in determining the ways in which VMN hypothalamic neurons respond to glucose and long chain fatty acids as signaling molecules.
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Finally, despite the major contribution of maternal milk to the metabolic milieu of the pups (8, 38) , they also ingest some of the maternal diet themselves during the last week or so of the lactation period. Thus, the food pellets were placed on top of the cage lids where it was accessible to the pups only when they were able to climb up to the lids or eat crumbs left by their dams on the cage floor. However, it is possible that such limited exposure might have had effects independent of their exposure to maternal milk. HE diet exposure also affected VMN OA sensing in DR offspring and, since HE diet has little effect on maternal milk content or obesity in DR dams (13), it is quite possible that intake of HE diet by the DR pups themselves might have contributed to these diet-induced changes.
In conclusion, these studies confirm our previous findings (19) that VMN glucosensing neurons also utilize long chain fatty acids such as OA as a signaling molecule to alter neuronal activity in a glucose-dependent fashion. Importantly, we demonstrate for the first time that there are marked differences in the ways in which VMN neurons from DIO and DR pups respond to both glucose and OA. Furthermore, both genotype and maternal intake of a diet of moderate fat and high sucrose content interact to alter selectively this responsiveness in DIO more than DR offspring. Given the role of both glucose and fatty acid sensing in the regulation of energy and glucose homeostasis (11, 16, 18, 20, 42, 43) , these studies have major implications our understanding of the ways in which heredity and environment interact to alter the development of the developing neonate.
Perspectives and Significance
Hypothalamic neurons respond to substrates such as glucose and fatty acids as signaling molecules by altering their activity (11, [15] [16] [17] [18] [19] 31) . The mechanisms underlying the signaling effects of these substrates are largely separate from their utilization as primary substrates required 14 to fuel the energetic needs of the neuron (30). All neurons utilize the high affinity hexokinase I to initiate glycolysis and oxidation of glucose to produce ATP (30). However, a large proportion of hypothalamic glucosensing neurons also utilize the low affinity enzyme glucokinase (GK) as a gatekeeper of glycolytic and oxidative flux to regulate neuronal activity (11, 16-18, 31). In GE neurons, increasing glucose levels utilize GK to increase ATP/ADP levels, inactivate the ATPsensitive K + channel and increase neuronal activity (30). In GI neurons, GK also acts as a critical regulator of substrate, nitric oxide and reactive oxygen species production (7, 19) which alter neuronal activity. While glucose is the primary metabolic substrate for neurons (41), long chain fatty acids are more important as substrate for astrocyte metabolic activity (12) . Similarly, while neuronal fatty acid sensing does require some intracellular metabolism, at least half of the signaling effects of fatty acids in VMN neurons is initiated by their binding to the fatty acid transporter-receptor, FAT/CD36 (15, 19).
Thus, differences in the function of these regulatory pathways between DIO and DR rats are likely to underlie the differences we found here in their neuronal glucose and fatty acid sensing.
For glucosensing neurons, although DIO rats have increased expression of GK in their arcuate nucleus, VMN GK levels do not differ between DIO and DR rats (11). Thus, it is more likely that some downstream portion of the regulatory pathway such as AMP-activated protein kinase activity or nitric oxide or reactive oxygen species production might underlie the marked differences in the proportion of GI neurons between DIO and DR offspring that we found here.
We know even less about the mechanisms of fatty acid sensing that might underlie the differences in the responses of VMN neurons demonstrated here between DIO and DR rats.
Therefore, further exploration of the factors that affect these hypothalamic metabolic sensing neurons should provide important insights into the ways in which they affect the regulation of 15 energy and glucose homeostasis and contribute to the growing epidemic of obesity in the world (21). through gestation and weaning (n=5-7 rats/group) were categorized using calcium imaging as being GE or GI and then as being excited (OAE) or inhibited (OAI) by 15 mM oleic acid. This figure summarizes the data presented in Table 2 DIO and DR dams were fed chow (C) or HE diet (HE) through gestation and lactation and dissociated VMN neurons from their 3-4wk old offspring (5-7/group) were characterized as being glucose excited (GE) or glucose inhibited (GI) by their responses to altering glucose concentrations from 2.5 to 0.5 to 2.5 mM glucose. The percentage of those neurons from each group that were excited (OAE) or inhibited (OAI) by 15 nM oleic acid (OA) was then determined. Data are mean ± SEM percent of neurons in each category. The number of subtype of neuron found is indicated in parenthesis as a function of the total number of neurons assessed in each group. Intergroup differences were assessed by two way ANOVA and then post hoc Bonferroni correction. For OAE neurons from each genotype, diet and glucosensing neuron type, data with differing superscripts differ from each other by P=0.05 or less. The same holds true for OAI neurons which were considered separately for purposes of statistical analysis. 
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